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Abstract
The intranuclear trafficking of human telomerase involves a dynamic interplay between multiple
nuclear sites, most notably Cajal bodies and telomeres. Cajal bodies are proposed to serve as sites
of telomerase maturation, storage, and assembly, as well as to function in the cell cycle-regulated
delivery of telomerase to telomeres in human cells. Here, we find that telomerase RNA does not
localize to Cajal bodies in mouse cells, and instead resides in separate nuclear foci throughout
much of the cell cycle. However, as in humans, mouse telomerase RNA (mTR) localizes to
subsets of telomeres specifically during S phase. The localization of mTR to telomeres in mouse
cells does not require coilin-containing Cajal bodies, as mTR is found at telomeres at similar
frequencies in cells from wild-type and coilin knockout mice. At the same time, we find that
human TR localizes to Cajal bodies (as well as telomeres) in mouse cells, indicating that the
distinct trafficking of mTR is attributable to an intrinsic property of the RNA (rather than a
difference in the mouse cell environment such as the properties of mouse Cajal bodies). We also
find that during S phase, mTR foci coalesce into short chains, with at least one of the conjoined
mTR foci co-localizing with a telomere. These findings point to a novel, Cajal body-independent
pathway for telomerase biogenesis and trafficking in mice.
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Introduction
Telomeres are capping structures that comprise the physical ends of eukaryotic
chromosomes. In vertebrates, they consist of tandemly repeated arrays of TTAGGG and a
number of associated proteins [1,2]. Telomeres serve protective functions, preventing the
ends of chromosomes from being recognized as double stranded DNA breaks [3] and
serving as barriers to the loss of genetic information that results from the inability of DNA
polymerases to fully replicate the ends of linear DNA. However, a portion of the telomere is
lost with each cell division in most adult human somatic cells, and eventually telomere
attrition triggers the cell to stop dividing and enter a state of proliferative senescence or
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undergo apoptosis. Increasing numbers of human telomere shortening diseases are being
recognized and investigated [4–6].

Telomerase is the specialized reverse transcriptase that synthesizes telomeres and combats
telomere erosion [7]. The telomerase enzyme is minimally comprised of two essential
components: telomerase RNA (TR), which provides the template for repeat addition, and
telomerase reverse transcriptase (TERT), which synthesizes the repeats. In humans,
telomeres are synthesized early in development [8,9]. Telomerase activity is not detected in
most adult somatic cells, but notably, the enzyme is active in over 90% of human cancers
and is responsible for the prolonged proliferative capacity of these cells [10–12]. (However,
telomerase activity is readily detected in murine somatic cells [13–16].) Insights into the
biogenesis and regulation of this enzyme therefore have the potential to lead to the
development of novel anti-cancer therapeutics [17,18].

A recent series of studies has revealed important aspects of the trafficking of the telomerase
ribonucleoprotein complex (RNP) critical to the biogenesis and function of the enzyme in
human cells [19–25]. Throughout interphase, human TR is found in Cajal bodies [21,23],
dynamic nuclear structures that have been implicated in the biogenesis of various cellular
RNPs (reviewed in [26–28]). Localization of hTR to Cajal bodies is important for function
of the telomerase enzyme [19,24]. Accumulation of hTR in Cajal bodies occurs in cancer
cells where telomerase activity is present, but not telomerase-negative normal cells
[22,23,25], consistent with the hypothesis that Cajal bodies serve as sites of telomerase
assembly. Human TERT is detected in distinct nucleoplasmic foci, separate from Cajal
bodies by immunofluorescence (IF) [23], though exogenously expressed GFP-tagged,
hTERT can be detected within Cajal bodies [25] as well as nucleoli [29–31]. During S
phase, both human TR and TERT move to foci found immediately adjacent to Cajal bodies,
and then, peaking in mid-S phase when human telomeres are replicated and synthesized
[32–34], both hTR and hTERT associate with subsets of telomeres [19,21–24]. These
findings indicate that Cajal bodies are important for telomerase biogenesis and may act to
deliver telomerase to the telomere.

The trafficking of telomerase components has emerged as a key process in the biogenesis
and function of the enzyme, and the factors important for trafficking are being defined. The
localization of human TR to both Cajal bodies and telomeres depends on TERT [22],
suggesting that assembly and trafficking are tightly linked processes. The trafficking of
telomerase to both Cajal bodies and telomeres depends on a newly identified telomerase
component, called TCAB1 (Telomerase Cajal-body protein 1; also called WDR79) [24,35].
There is also evidence that the core telomere binding protein, TPP1 is critical for
telomerase-telomere associations [36–40]. However, much remains to be learned regarding
the factors and mechanisms that influence the biogenesis and trafficking of telomerase.

To gain a better understanding of the regulation of telomerase trafficking, we initiated
studies in the mouse model system where genetic approaches have contributed to our
understanding of basic telomere and telomerase biology, particularly with regard to cancer
and aging [41–45]. Here, we report a fluorescence in situ hybridization (FISH) procedure
specific for detection of mouse telomerase RNA (mTR) and the characterization of mTR
localization patterns in cultured mouse cell lines using this approach. Unexpectedly, we
found that mTR does not co-localize with coilin or other Cajal body markers, and instead, is
found in distinct nuclear foci. However, a fraction of the mTR localizes to telomeres
selectively during S phase of the cell cycle. In many cases, we observe chains of connected
mTR foci during S phase, and frequently find that at least one of the foci in a chain co-
localizes with a telomere. Our findings suggest an alternative mechanism for recruitment of
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telomerase RNA to telomeres during S phase in murine cells, which involves the
convergence of non-Cajal body mTR foci at telomeres.

Materials and Methods
Cell culture and transfection

MEF-26 (WT), MEF-42 (coilin −/−), MEF-14 (mTR −/−) (a gift of Carol Greider, Johns
Hopkins University, Baltimore, MD), 3T3 (ATCC, Manassas, VA), n2a (a gift of Brian
Condie, University of Georgia, Athens, GA), c2c12 (ATCC), and A9 cells were grown on
coverslips in DMEM (Mediatech, Herndon, VA) supplemented with 10% fetal calf serum
(FCS) (Mediatech) at 37°C with 5% CO2. For hTR overexpression, cells were transfected
with pBS-U1-hTR [19] (gift of J. Lingner, EPF of Lausanne, Switzerland) using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.

FISH probes
All probes were synthesized by Qiagen (Valencia, CA) as follows: mTR 117–169 (probe 1),

CT*CCCGGCGAACCT*GGAGCTCCTGCGCT*GACGTTTGTTTTT*GAGGCTCG
GGT*A; mTR 296–342 (probe 2),

CT*CGGGGACCAGT*TCCATTCCTGT*CCTTGCGGCGCT*CGCCCGGCCT*G;
mTR 224–282 (probe 3),

GT*GCCCCGCGGCT*GACAGAGGCGAGCT*CTTCGCGGCGGCAGCGGAGT*C
CTAAGACCCT*A; mTR 57–104 (probe 4),

CT*CTGCAGGTCT*GGACTTTCCT*GGCCCGCTGGAAGT*CAGCGAGAAAT*A
; U3 (probe 5),

TT*CAGAGAAACTTCTCT*AGTAACACACTAT*AGAACTGATCCCT*GAAAGT
ATAGT*C; mU85 (probe 6),

AT*TACCAAAGATCT*GTGTGTCATCT*CTCAGTGGCCAT*GACACAGCTAAG
T*C; telomere (probe 7),

CT*AACCCTAACCCT*AACCCTAACCCT*AACCCTAACCCT*AACCCTAACCC
T*A; hTR 128–183 (probe 8),

GCT*GACATTTTT*TGTTTGCTCT*AGAATGAACGGT*GGAAGGCGGCA; hTR
331–393 (probe 9),

CT*CCGTTCCTCTTCCT*GCGGCCTGAAAGGCCT*GAACCTCGCCCT*CGCCC
CCGAGT*G; hTR 393–449 (probe10),

AT*GTGTGAGCCGAGT*CCTGGGTGCACGT*CCCACAGCTCAGGGAAT*CGCGCC
GCGCT*C. T* indicates aminoallyl-modified thymidines. All mTR and hTR probes (probes
1–4 and 8–10 above) were conjugated with cy3 mono-functional reactive dye according to
the manufacturers protocol (GE Healthcare, Little Chalfront, Buckinghamshire, United
Kingdom). The remaining probes were labeled with Alexa Fluor 647 or Oregon green dye
according to the manufacturers protocol (Molecular Probes/Invitrogen, Carlsbad, CA).

mTR and hTR FISH
FISH was performed essentially as described [23,25]. Hybridizations were carried out
overnight at 37°C. 200 ng of each of two of the cy3-labeled mTR probes (most often probes
1 and 2) or 25 ng of each of the three cy3-labeled hTR probes (probes 8, 9 and 10) above
were used per coverslip. 5–10 ng Oregon green or Alexa Fluor 647 U3 (probe 5), 100 ng
Oregon green mU85 (probe 6), or 10 ng Oregon green telomere (probe 7) were also included
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in the hybridization when indicated. Cells were rinsed twice in 50% formamide, 2× SSC for
30 minutes at 37°C. Cells were subsequently washed once in 50% formamide, 2× SSC,
0.1% NP-40 for 30 minutes at 37°C. The coverslips were mounted in Prolong gold mounting
media (Molecular Probes/Invitrogen), cured at room temperature for 1 hour and stored at
−20°C until microscope analysis.

RNAse treatment
After fixation and permeabilization, cells were rehydrated in 1× PBS containing 1.5 mM
MgCl2 at room temperature for 5 min. Then the cells were incubated with RNAse A (0.2
mg/ml in 1× PBS containing 1.5 mM MgCl2) at 37 C for 2 h. mTR FISH was performed
after the cells were washed 3 times with 1× PBS and once with 50% formamide, 2× SSC.

Indirect Immunofluorescence (IF)
Following FISH, cells were washed three times with 1× PBS. Next, cells were incubated
with one of the following primary antibodies at the indicated dilution for 1 hour at room
temperature: rabbit anti-Nopp140 (1:1,000, a gift from U. Thomas Meier, Albert Einstein
College of Medicine, New York, NY), rabbit anti-TRF1 (1:500), rabbit anti-TPP1 (1:500),
or rabbit anti-Tin2 (1:500) (all 3 a gift from Susan Smith, Skirball Institute, New York, NY).
Cells were washed three times in 1× PBS and then incubated with secondary antibody
(1:100 Cy2 conjugated goat anti-rabbit IgG (H+L), Jackson ImmunoResearch Laboratories,
West Grove, PA) for 1 hour at room temperature. All antibodies were diluted in 0.05%
Tween-20 in PBS (PBST). Cells were then subjected to three final 1× PBS washes and
mounted as above.

For the following antibodies, IF was performed prior to FISH analysis: mouse anti-p80
coilin (1:1,000), mouse anti-fibrillarin (17C12, 1:1,000), mouse anti-SMN (2B1, 1:100,
Novus Biologicals, Littleton, CO). Briefly, cells were grown on coverslips overnight and
then washed one time in 1× PBS. Cells were fixed in 4% formaldehyde in 1× PBS for 10
minutes at room temperature. Cells were rinsed twice in 1× PBS and blocked in 1% BSA
(Sigma-Aldrich, St. Louis, MO) in 1× PBS for 1 hour at room temperature. Cells were then
incubated with the antibodies at the indicated dilutions for 1 hour at room temperature
followed by incubation with a cy2-conjugated goat anti-mouse secondary antibody (1:100,
Jackson Immunoresearch Laboratories) for 1 hour at room temperature. These antibodies
were diluted in 1% BSA in 1× PBS. Following three 1× PBS washes, cells were again fixed
in 4% formaldehyde in 1× PBS for 10 minutes at room temperature. Cells were rinsed twice
in 1× PBS and once in 50% formamide, 2× SSC prior to FISH analysis.

S phase synchronization
Synchronous populations of MEF and 3T3 cells were obtained by double thymidine block.
Cells were treated with 2 or 5 mM thymidine (Sigma-Aldrich) for 16 hours. Cells were
released by rinsing twice with 1× PBS and replacing the normal growth media for 8 hours.
Cells were retreated with 2 or 5 mM thymidine for another 16 hours. At various time points
after release, cells were fixed and analyzed by PCNA staining or FACS analysis to verify
cell cycle phase.

PCNA (proliferating cell nuclear antigen) staining
To distinguish S phase cells, cells on coverslips were rinsed once in 1× PBS and fixed for 10
minutes at room temperature in 4% formaldehyde, 10% acetic acid in 1× PBS. Cells were
rinsed twice in 1× PBS and permeablized in 70% ethanol at 4°C overnight. The cells were
incubated with mouse anti-PCNA antibody (PC10, 1:2500, Abcam, Cambridge, MA) for 1
hour at room temperature. Cells were rinsed 3 times in 1× PBS and then incubated with

Tomlinson et al. Page 4

Exp Cell Res. Author manuscript; available in PMC 2011 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



secondary antibody (1:100, AMCA-conjugated goat anti-mouse IgG (H+L), Jackson
Immunoresearch Laboratories) for 1 hour at room temperature. Cells were rinsed 3 times in
1× PBS and fixed in 4% formaldehyde in 1× PBS for 10 minutes at room temperature. Cells
were rinsed twice in 1× PBS and once in 50% formamide, 2× SSC prior to FISH analysis.
Both antibodies were diluted in PBST.

FACS (fluorescence activated cell sorting) analysis
Cells were collected and resuspended to a single cell suspension in 0.5 mL 1× PBS. The cell
suspension was transferred to a tube containing 4.5 mL of 70% ethanol and stored at −20°C
until analysis (at least overnight). On the day of FACS analysis, the ethanol suspended cells
were centrifuged for 5 minutes at 200 × g. The pellet was washed once in 5 mL of 1× PBS,
centrifuged again for 5 minutes at 200 × g and resuspended in a solution of 0.02 mg/mL
propidium iodide (Sigma-Aldrich), 0.1% Triton X-100, and 2 mg DNase-free RNAse A in
1× PBS. The cells were stained in this solution for 30 minutes at 37°C. FACS analysis was
performed using a FACSCALIBUR scanner (Becton Dickinson Biosciences, San Jose, CA)
and data was analyzed using FlowJo software (Tree Star, Inc., Stanford, CA).

Microscopy
Slides were analyzed using a Zeiss Axioskop 2 Mot Plus fluorescence microscope (Carl
Zeiss Microimaging, Thornwood, NY). Images were acquired at 63× (Plan Apochromat
objective, numerical aperture 1.4) using a cooled charge-coupled device Orca-ER camera
(Hamamatsu, Bridgewater, NJ) and IPLab Spectrum software.

Results
Specific detection of mouse telomerase RNA in cultured mouse cells

We developed a FISH procedure for the detection of mouse telomerase RNA (mTR) in order
to examine its subcellular localization in mouse cells (where telomerase is active). We
designed four probes against different regions of mTR; the regions encompassed by the
probes are indicated in Figure 1A. (See Materials and Methods for probe sequences.) Figure
1B shows the results of hybridization with a combination of probe 1 and probe 2 in cultured
mouse embryonic fibroblast (MEF) cells. Approximately 2/3 of the MEF cells displayed 1–3
small, clearly defined, spherical nuclear foci (Figure 1B). Hybridization with each of the
four individual mTR probes gave similar localization patterns, and maximal signal was
obtained with combinations of two probes (data not shown). The combination of probes 1
and 2 was used throughout the remainder of this work.

The results of control experiments indicate that the procedure is specific for detection of
mTR. First, mTR signal was lost upon treatment of the cells with RNAse A prior to
hybridization with the mTR probes (Figure 1B). As controls, we also tested the RNAse-
treated cells with probes against U3 snoRNA (positive control for treatment) and the
telomere repeat (negative control for treatment). As expected, the U3 signals were
eliminated or severely reduced in the RNAse treated cells, while telomere signals were
virtually unaffected (data not shown). In addition, mTR foci were not observed in MEF cells
derived from mTR knockout mice (Figure 1B). Finally, the foci were not observed in HeLa
(human cervical carcinoma) cells using the mTR FISH probes (data not shown), further
indicating the specificity of the procedure for detection of mTR.

mTR does not localize to Cajal bodies in mouse cells
Telomerase RNA localizes to Cajal bodies throughout interphase in human cell lines
[20,25]. To determine if the mTR foci observed in the MEF cells correspond to Cajal bodies,
we combined mTR FISH with immunofluorescence (IF) using antibodies against coilin, a
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marker protein of Cajal bodies [46]. Surprisingly, the mTR foci present in the MEF cells did
not co-localize with coilin (Figure 2, MEF-26). We also found that mTR is localized in foci
distinct from Cajal bodies in other mouse cell lines representing various tissue sources
(Figure 2).

We further tested for co-localization of mTR with a series of additional molecules
characteristically found in Cajal bodies. U85, a small Cajal body (sca)RNA, and SMN, the
survival of motor neurons protein are prototypical markers for Cajal bodies, whereas
Nopp140 localizes to both Cajal bodies and nucleoli in mammalian cells [47–50]. mTR did
not co-localize with these additional Cajal body markers in the MEF cells (Figure 3). We
also tested whether mTR co-localized with the snoRNP protein fibrillarin or U3 snoRNA
(markers with distributions similar to Nopp140), and found no significant overlap (data not
shown).

In addition, we examined mTR localization in MEF cells derived from coilin knockout mice
[51] and found no reduction in mTR foci (Figure 3B). In these MEFs where coilin is not
expressed, standard components of Cajal bodies such as U85, SMN and Nopp140 can be
found in distinct nucleoplasmic foci termed residual Cajal bodies [51,52]. mTR also did not
co-localize with any of these residual Cajal body markers in the coilin knockout MEFs (data
not shown). Taken together, our data unexpectedly indicate that mTR accumulates in
nuclear structures distinct from Cajal bodies in cultured mouse cells.

mTR is found at a subset of telomeres in S phase cells
Having found that mTR does not localize to Cajal bodies, we investigated whether any of
the mTR foci correspond to telomeres. When mTR FISH was combined with IF using
antibodies against the telomere binding proteins TRF1, TIN2, or TPP1, or with FISH using a
probe directed against the telomeric repeats, we found that mTR co-localized with a subset
of telomeres in approximately 10% of the MEF (and 3T3) cells with distinct mTR foci
(Figure 4 and data not shown). This is similar to the percentage of cells in which TR-
telomere associations are observed in unsynchronized human cancer cell lines, where TR
localizes to telomeres specifically in S phase [21–23]. In order to see if telomere localization
was an S phase-specific event in the mouse cells, we stained the MEF and 3T3 cells with
antibodies against PCNA (proliferating cell nuclear antigen). PCNA is expressed by
interphase cells, but specifically associates with chromatin in cells undergoing DNA
replication [53]. Based on established PCNA staining patterns, we were able to distinguish
which cells were in S phase and to discern the S sub-phase as early, mid, or late (Figure 4A).
We found that mTR-telomere associations were restricted to S phase cells and occurred
throughout S phase (Figure 4A).

To further investigate the S phase-specific localization of mTR to telomeres, we
synchronized 3T3 and MEF cells using a double thymidine treatment and analyzed mTR
localization at various points in the cell cycle (Figure 4, Supplemental Figure 1A, and MEF
data not shown). We found that mTR-telomere associations peaked in late S phase, when co-
localization was observed in 38% of the 3T3 cells with mTR foci (Figure 4B, 6h post release
from the double thymidine block, 60 of 157 cells). As can be seen in Figure 4B, the
frequency of telomere association gradually increased as cells progressed through S phase.
At G1/S (0h post release), mTR was found at at least one telomere in 16% of cells (18 of
113 cells with mTR foci). In early S (1h and 2h post release) and mid S (4h post release), the
percentage increased steadily from 22% (1h post release, 38 of 174 cells with mTR foci) to
28% (2h post release, 55 of 196 cells with mTR foci) to 31% (4h post release, 50 of 162
cells with mTR foci). The frequencies of mTR-telomere associations observed were similar
when determined relative to two different telomere markers (TIN2 and TPP1). Synchronized
MEF cells behaved similarly to the 3T3 cells (data not shown). Our data indicate that mouse
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TR localizes to telomeres specifically during S phase and that co-localization of mTR and
telomeres increases over the course of S phase.

Recent reports have implicated Cajal bodies in the delivery of telomerase to telomeres in
human cancer cells [19,21,23,54]. However, we did not observe associations of mTR with
Cajal bodies in cultured mouse cells (Figures 2 and 3), suggesting that Cajal bodies may not
be necessary for delivery of mTR to the telomere. To further address a potential requirement
for Cajal bodies in telomerase recruitment to telomeres in mouse cells, we performed mTR
FISH and telomere IF on the coilin KO MEF cells (Figure 5). We found that mTR localized
to the telomere in the absence of coilin and normal coilin-containing Cajal bodies (Figure 5).
The frequency of mTR-telomere associations was the same (approximately 12% of cells) in
the wild-type and coilin KO MEFs.

Human telomerase RNA localizes to Cajal bodies (and telomeres) in mouse cells
The lack of localization of mTR to Cajal bodies in mouse cells could be attributable to a
difference in the mouse TR or in some aspect of the mouse cell environment (such as the
nature of the Cajal bodies). To investigate the molecular basis for the difference in the
localization patterns of mouse and human telomerase RNA, we examined the localization of
hTR expressed in mouse cells. hTR and telomere localization were visualized by FISH, and
Cajal bodies by coilin IF in both n2a and MEF26 cells (Figure 6). Unlike mTR, human
telomerase RNA localized to Cajal bodies in mouse cells (Figure 6). hTR was also found at
telomeres in synchronized S phase cells (Figure 6); co-analysis of PCNA staining patterns in
the n2a mouse cells indicated that hTR-telomere co-localization was restricted to S phase.
We did not observe any significant occurrence of hTR at foci outside of Cajal bodies and
telomeres in the mouse cells. The results indicate that inherent features of mouse telomerase
RNA dictate the distinct trafficking observed for TR in mouse.

A novel localization pattern is associated with TR-telomere association in mouse cells
Given that telomerase does not require Cajal bodies for delivery to telomeres in mouse cells,
we wondered how mTR arrives at its functional site. During the course of our analysis with
synchronized cells we noticed an interesting pattern of mTR localization: mTR foci linked
together in chains of 2–5 foci. We analyzed the localization of the chains of mTR foci
relative to U3 snoRNA (FISH) and telomere (TIN2 or TPP1 IF) localization patterns, and
found that in 60% of the chains, at least one of the mTR foci directly co-localized with a
telomere (Figure 7A). Less than 10% of the chains overlapped nucleoli (visualized via U3
snoRNA) (Figure 7A). The appearance of the mTR chains coincides with the timing of mTR
trafficking to telomeres; both MEF and 3T3 cells displayed a gradual increase in mTR
chains as cells progressed through S phase (Figure 7B, Supplemental Figure 1B and data not
shown). Taken together, our data suggest that the localization of mTR to telomeres during S
phase is associated with the formation of distinct chains of mTR foci in mouse.

Discussion
Studies in human cells have established a remarkable mechanism for the regulation of
telomerase activity: regulated trafficking of the enzyme [19,21–24]. In this work, we have
delineated key steps in telomerase RNA trafficking in the genetically tractable mouse
system, where we found fundamental similarities as well as interesting differences that
expand our understanding of telomerase biology and open up new avenues of investigation.

Targeting telomerase to telomeres in mouse
Our results indicate that, in mouse as in human cancer cells, telomerase RNA localizes to
subsets of telomeres during S phase (Figure 4A). Retinoblastoma (Rb) proteins that regulate

Tomlinson et al. Page 7

Exp Cell Res. Author manuscript; available in PMC 2011 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



S phase transitions and progression have been shown to play a role in telomere elongation in
mouse [55], providing a link between telomerase regulation (perhaps trafficking) and the
cell cycle that merits further investigation. But why telomerase is found at subsets of
telomeres at any given time during S phase in both human and mouse remains a question of
great interest.

One possibility is that telomerase visits all of the telomeres during the course of S phase, but
is only found at a subset at any given time. We observe telomerase RNA at telomeres
throughout most of S phase in both mouse (Figure 4) and human [23], and recent work
provides evidence that human telomerase extends the majority of (or all) telomeres each cell
cycle [34].

On the other hand, the observed localization pattern may reflect selective recruitment of
telomerase to a fraction of telomeres during each cell cycle. Indeed, considerable evidence
indicates that telomerase selectively extends the shortest telomeres in mouse cells [56,57].
When mice with short telomeres are crossed with those with long telomeres, the shorter
telomeres are extended first in the offspring [56]. Likewise, when telomerase levels are
limiting (in a mouse heterozygous for TERT expression), the shortest telomeres in the
population are maintained (while the longer ones grow shorter over time) [57]. Preferential
elongation of short telomeres in human cells was also recently observed [58]. In yeast, it has
been shown that only a small fraction of telomeres are extended by telomerase within any
given cell cycle and that telomerase exhibits a preference to act on the shortest telomeres
[59]. However, a direct correlation between telomere length and the frequency of telomerase
recruitment has not yet been established for mammalian cells.

In mouse, we found that telomerase recruitment to telomeres reaches a maximum in late S
phase (Figure 4B), whereas in human cells, the association peaks during mid S phase [23].
The distinct timing of telomerase recruitment in the two species may point to factors
important in the recruitment process that differ between the organisms. For example,
telomerase recruitment may be coordinated with replication of telomeric DNA, which may
occur with distinct kinetics in various mammalian cells. Differences in average telomere
length (20–150 kb in mouse cells versus 5–15 kb in human cells [60]) or in core telomerase-
or telomere-associated components that regulate recruitment [1, 2, 36, 37] may also be
important. Differences in the epigenetic modification of telomeric DNA or telomere-bound
proteins, or in expression of telomeric repeat-containing (TERRA) non-coding RNAs could
also influence telomerase recruitment dynamics in the two species [61–64]. However, while
the precise kinetics may vary, our results suggest that S phase-specific recruitment of
telomerase to telomeres is a conserved process in mammals.

Telomerase RNAs possess signals for distinct trafficking pathways
While in human cells it appears that localization of telomerase RNA to telomeres depends
on trafficking through (and perhaps delivery by) Cajal bodies, in mouse cells we found that
telomerase RNA trafficking does not appear to involve Cajal bodies (Figures 2,3,5,7). This
divergence could reflect a difference in the mouse cell environment (such as the nature of
Cajal bodies in mouse cells), however we found that hTR expressed in the mouse cell
environment localizes to mouse Cajal bodies and telomeres just as is observed in human
cells (Figure 6). The finding that hTR retains its distinct trafficking pattern in mouse cells
indicates that telomerase RNAs possess signals that dictate subcellular transport pathways
independent of other cellular components.

At the same time, other evidence indicates that TERT and other cellular factors also play
important roles in telomerase trafficking that could affect differences observed among
species. In human, localization of hTR to both Cajal bodies and telomeres depends on
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association with hTERT [22,23]. A number of previous studies have demonstrated that hTR
assembles with mTERT to form catalytically active telomerase complexes both in vitro and
in mouse cells [14,15,65–67]. Interestingly however, while hTR assembles with mTERT
[14,15,65–67] and is trafficked to telomeres in mouse cells (Figure 6), when hTR and
mTERT are co-expressed in human cells (VA13 cells that are naturally devoid of hTR and
hTERT) localization of hTR to telomeres is not detected [66]. These findings suggest that
interactions between TERT and cellular components also contribute to localization.

Mouse telomerase RNA resides in novel nuclear foci distinct from Cajal bodies
In contrast to human cancer cells [20,25] and Xenopus (frog) oocytes [68,69], telomerase
RNA does not accumulate in Cajal bodies in cultured mouse cells and instead is found in
distinct, nucleoplasmic foci during most of the cell cycle (Figures 2 and 3). Our results
further suggest that the distinct localization patterns of hTR and mTR derive from inherent
properties of the RNAs (Figure 6). It is interesting that mTR is not found in Cajal bodies
despite the presence of an intact CAB box motif with a sequence (UGAG) identical to that
shown to be required to target hTR and small Cajal body RNAs (scaRNAs) to Cajal bodies
[19,20,50,70]. Furthermore, the protein that recognizes the CAB box motif (TCAB1 or
WDR79) and is required for localization of TR to both Cajal bodies and telomeres (as well
as for telomerase activity) in human cells is highly conserved in mouse [24,35]. The most
obvious difference between hTR and mTR is in the 5’ terminal sequences [70,71]. hTR
includes 45 nts upstream of the template region, and a portion of this sequence participates
in intramolecular basepairing within the 5’ pseudoknot domain of the RNA to form the P1
stem [70]. In contrast, mTR contains just 2 nts upstream of the template and no P1 stem is
formed. Additional work will be required to determine if differences in the 5’ regions or
other more subtle variations in sequence and structure account for the ability or inability of
the RNAs to associate with Cajal bodies. We certainly do not exclude the possibility of
limited association of mTR with Cajal bodies in the mouse cells, however telomerase RNA
clearly accumulates in distinct foci in mouse cells.

The relationship between mTR, the novel mTR foci identified here, and Cajal bodies may
warrant further investigation. Interesting associations have been found between Cajal bodies
and other related foci, and molecules found in Cajal bodies under some conditions can be
found in distinct foci under other cellular conditions. During S phase in human cancer cells,
hTR is found in distinct foci attached to Cajal bodies prior to localization to telomeres [23].
In addition, the Cajal body constituent SMN can be found in foci known as gems (gemini or
twins of Cajal bodies [47]) in cells deficient in coilin methylation [72] and at certain times in
development [73,74]. The cell lines examined in this work (Figure 2) are derived from
embryonic tissue (MEF, 3T3) or reflect an undifferentiated state (n2a, c2c12), and thus it is
possible, for example, that mTR accumulates in Cajal bodies in mouse cells in other
developmental states.

The novel mouse telomerase RNA foci identified in this work appear to play a role (akin to
that of Cajal bodies in human cells [21,23]) in the delivery of TR to telomeres. In mouse
cells we found that TR localizes to telomeres in the absence of obvious accumulation within
Cajal bodies (Figure 4A, and see also Figures 2 and 3) and in the absence of coilin (Figure
5). Instead, chains of mTR foci form and co-localize with telomeres specifically during S
phase (Figure 7). The significance of the formation of groups of attached TR foci in both
human (Cajal body-associated foci) and mouse (chains of mTR foci) cells at the time of
delivery to telomeres is intriguing but currently unclear.

While there may be differences in the pathways in mouse versus man, the paradigm that has
emerged from examining telomerase RNA localization in mammalian cells is that the RNA
subunit of telomerase resides in subnuclear structures physically separate from telomeres
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and is mobilized to telomeres specifically during S phase. Moreover, the structures appear to
play roles in the delivery of TR to the telomeres. The development of an effective mouse
telomerase RNA detection procedure opens the door to a wealth of genetic approaches that
should lead to a deeper understanding of how telomerase trafficking is regulated.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mouse telomerase RNA is found in small spherical foci within the nuclei of cultured
mouse cell lines
A. Schematic structure of mTR. The predicted secondary structure of mTR is shown [70].
Black bars indicate the regions encompassed by each oligonucleotide probe. Asterisks
denote the two probes (probes 1 and 2) used throughout this manuscript. B. FISH procedure
specifically detects the presence of mTR. mTR FISH was performed on wild type MEF cells
(WT, RNAse panels) or MEF cells derived from mTR −/− mice (mTR KO panels).
Arrowheads denote intranuclear mTR foci present in the WT cells (WT panels), which are
lost upon treatment of cells with RNAse A prior to FISH (RNAse panels). DAPI was used as
a nuclear stain. Scale bar, 10 microns.
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Figure 2. mTR foci do not colocalize with coilin in a variety of mouse cell lines
Mouse embryonic fibroblast (MEF-26, 3T3), n2a neuroblastoma, and c2c12 myoblast cell
lines were co-analyzed for mTR (detected by FISH, red) and coilin (marker protein for Cajal
bodies, detected by IF, green). Merge panels indicate an overlay of mTR and coilin panels.
Open arrowheads point to Cajal bodies that do not overlap with mTR foci. Scale bar, 10
microns.

Tomlinson et al. Page 15

Exp Cell Res. Author manuscript; available in PMC 2011 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. mTR resides in foci separate from Cajal bodies
A. mTR foci do not correspond to known markers for Cajal bodies. mTR FISH (red, mTR
panels) was performed in tandem with one of three markers for Cajal bodies: U85 scaRNA
(top row, detected by FISH), SMN (middle row, detected by IF, signal present in Cajal
bodies and cytoplasm), or Nopp140 (bottom row, detected by IF, signal present in Cajal
bodies and nucleoli). Arrowheads denote Cajal bodies; open arrowheads point to mTR foci
that do not localize to Cajal bodies. B. mTR localizes to intranuclear foci in MEF cells
derived from coilin knockout (KO) mice. mTR FISH was performed on coilin KO MEF
cells. Open arrowheads point to mTR foci. DAPI was used to stain the DNA. Scale bars, 10
microns.
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Figure 4. mTR localizes to subsets of telomeres in S phase
A. Localization of mTR to telomeres occurs throughout S phase. mTR FISH (red) and TIN2
IF (green, marker for telomeres) were performed on 3T3 cells at various stages of the cell
cycle. PCNA staining was performed to identify S phase cells, as well as S sub-phase (i.e.
early, mid, or, late, as indicated). Merge panels show a superimposition of mTR and TIN2
panels, yellow indicates an overlap of signal. The foci where mTR and telomeres colocalize
are indicated by white arrowheads. Open arrowheads (in G1/G2 panel) denotes mTR foci
that do not overlap with a telomere. Scale bar, 10 microns. B. The frequency of mTR-
telomere associations increases as cells progress through S phase. The percentage of 3T3
cells with mTR foci that display mTR at the telomere (assessed via TIN2) is plotted relative
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to time in hours (h) after release from a double thymidine block. A, asynchronous cells. Data
was collected from multiple slides prepared as part of at least two separate experiments.
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Figure 5. mTR localizes to the telomere in coilin KO MEFs
mTR FISH (red) and TPP1 IF (green, marker for telomeres) were performed on MEF cells
derived from wild type (WT) and coilin −/− (coilin KO) MEFs. Merge panels display an
overlay of mTR and TPP1 signals. Arrowheads denote foci where both mTR and TPP1
signals overlap. Scale bar, 10 microns.
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Figure 6. Human telomerase RNA localizes to Cajal bodies and telomeres in mouse cells
A. hTR co-localizes with Cajal bodies in mouse cells. Human telomerase RNA (hTR) was
expressed in n2a and MEF-26 mouse cell lines and co-analyzed for hTR (detected by FISH,
red panels) and coilin (detected by IF, green panels). Merge panels display an overlay of
hTR and coilin signals. B. hTR co-localizes with telomeres in mouse cells. hTR-transfected
n2a and MEF-26 mouse cells were examined for hTR (detected by FISH, red panels) and
telomere (detected by FISH, green panels) signals. Merge panels display an overlay of hTR
and telomere signals.
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Figure 7. mTR foci coalesce during S phase of the cell cycle
A. mTR foci link together to form chains that are frequently associated with telomeres but
not nucleoli. 3T3 cells were stained for mTR (detected by FISH, red panels), TIN2 (telomere
marker detected by IF, green panels), and U3 snoRNA (nucleolar marker detected by FISH,
blue panels). Merge panels display a superimposition of all 3 panels. Insets show an
enhanced magnification of the mTR chains. Arrowheads point to mTR foci within the chain
that overlap with a telomere. Scale bar, 10 microns. B. The frequency of mTR chains
gradually increases over S phase of the cell cycle. The percentage of 3T3 cells with mTR
foci that display a mTR chain are plotted relative to time after release from a double
thymidine block. A, asynchronous cells. Data compiled from two separate experiments.
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